Bond modelling of prestressed concrete during the prestressing force release by Benitez Baena, Jose Maria & Gálvez Ruiz, Jaime

transmission length tests, would be welcomed. This 
paper deals with such an approach. 
Bond between prestressed steel and concrete is 
essential for the success of the prestressing system. 
Nevertheless, bond is a complex problem and depends 
on many parameters. Due to its significance for 
practical design, it has been investigated by technical 
committees, e.g. see Report FIB [2], with it being an 
attractive challenge for many researchers, as the long 
list of papers on the topic corroborates. 
Precast prestressed concrete structural elements 
are usually made as follows. The steel (strands or 
single wires) is prestressed in a large precast 
prestressing table by means of anchor heads. Such 
table is usually larger than 100 m or even 200 m. The 
concrete is then cast and cured with an accelerated 
curing process. The prestressing force is released by 
approaching the anchor heads. Finally, the steel 
between individual structural elements is cut. 
The mechanisms that contribute to bond between 
prestressing steel and surrounding concrete are 
chemical adhesion, friction and mechanical inter-
locking between wire indentations and concrete [3]. 
The geometry of the surface of the wire is very 
important for bond. Figure 1 shows the indention 
geometry of the wire, and Table 1 shows the 
dimensions of the indentations. 
The interlock mechanism may be explained 
through an analogous mechanism such as that 
proposed by Tepfers [4, 5] for bars on the reinforced 
concrete (see Fig. 2). When the prestressing force of 
steel is released at the end of the element by cutting 
the wire, it tends to pierce in the concrete and 
develops tangential stress (bond stress) and radial 
stresses at the interface between the steel and 
concrete. Both stresses may be related by means of 
the a angle (see Fig. 2). The typical value of a for 
ribbed bars is 45° [6], though there is no proposal for 
indented prestressed wires or strands. 
In the case of indented wires, the wedging action 
generated by Poisson's effect is magnified by the 
indentations on the surface of the wire, increasing the 
tension ring [7-10]. Moreover, Hoyer's effect, 
presents on the ends of the prestressed concrete 
structural elements, is directly related with Poisson's 
effect [2]. Figure 3 shows a sketch of the Hoyer's 
effect. These aspects are beneficial for bond, though 
they may be harmful if concrete splits, dropping the 
confinement and diminishing the bond [6-8, 10-13]. 
Bond behaviour of reinforced concrete has been 
examined by many researchers, such as Gambarova 
and Rosati [8], Abrishami and Mitchell [9], Tepfers 
and Olson [5], Ogura et al. [14], Jendele and Cervenka 
[15] and Malvar [16] among others. Less attention has 
been devoted to prestressed concrete elements. In this 
field, bond stress versus slip curves has been studied: 
Gustavson [10], den Uijl [11], Abrishami and Mitchell 
[17] and Tassios and Bonataki [18], with a certain 
amount of attention being paid to the splitting action of 
the radial stresses and loss of confinement induced by 
longitudinal cracking. Several researchers have 
adopted an analogy between the splitting action of 
the reinforcement in bond and the pressure of a liquid in 
a pipe or sleeve [19]. These are two dimensional plane 
strain models, which are focussed on concrete fracture 
with no relationship between steel sliding and radial 
stresses being included, with even Poisson's effect 
being omitted [20, 21]. The importance of the 
Poisson's effect is evident, since many researchers 
have performed push-in tests, which take into account 
the increment of the wire diameter when the pre-
stressed force is released. 
This paper presents an analytical model for steel-
concrete bond when the prestressing force is trans-
mitted by releasing the steel (wire or strand). The 
model is based on Tepfer's proposal for reinforced 
concrete [4, 5] and on the work of van der Veen [21], 
who modelled the thick-walled concrete ring to 
Fig. 1 Geometry of the 
indentations of the wire 
Table 1 Specified 
indentation dimensions, 
according to UNE 36094 
Nominal 
diameter 
3 
4 
5 
6 
>7 
wire Dimensions of indentations 
Depth a 
T 1 
2-6 
3-7 
4-8 
5-10 
6-12 
(mm X 10~2) 
T 2 
5-9 
6-10 
8-13 
10-20 
Length I (mm) 
3.5 ± 0.5 
5.0 ± 0.5 
Spacing p (mm) 
5.5 ± 0.5 
8.0 ± 0.5 
Fig. 2 Bond behaviour of 
deformed bars, radial 
component of the bond 
stresses balanced by tensile 
stresses in the uncracked 
ring of concrete [4] 
a: Radial stress 
T: Bond Stress 
Fig. 3 Sketch of the 
Hoyer's effect 
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predict the cracking of the concrete on a cross-section 
for a known radial stress, not considering any effect 
of Poisson's ratio. Tepfer's model is performed for 
ribbed bars; it relates the normal and tangential stress 
between steel and concrete by an original and helpful 
simplified equation. On prestressed concrete, the 
interaction between wire and concrete is more 
complex than in reinforced concrete, especially in 
the transmission length zone, and cannot be directly 
modelled with the Tepfer's model, which does not 
take into account the Poisson's effect and the sliding 
between wire and concrete. The proposed analytical 
model allows evaluation of the radial and tangential 
stresses between wire and concrete, along the total 
length of the wire, taking into account Poisson's 
effect, confinement of the steel, maximum tangential 
stress (directly related to the depth of the indenta-
tions), concrete cover thickness and the mechanical 
properties of the materials. The model prediction was 
compared with experimental results from literature 
[7] and a significant degree of correspondence was 
achieved. The model was developed and experimen-
tally contrasted with prestressing single wires. Cross-
section of a wire has a well defined perimeter in 
contact with concrete and there is no helicoidally 
rotation when slips (this effect affects three- and 
seven-wire strands). Extension of the model to 
strands by adopting the suitable parameters does not 
present significant problems, especially with regard 
to the equivalent perimeter in contact with concrete. 
An application of the proposed model to evaluate the 
transmission length is shown in Sect. 5. The proposed 
model complements previous studies and models that 
do not include Poisson's effect and variability of the 
bond stress along the transmission zone. 
For a practical application of the model, extension 
has taken place to evaluate the transmission length. 
The transmission length is experimentally evaluated 
in accordance with RILEM Standard [22]. This 
standard indicates that transmission length is the 
distance from the end of the specimen, where the 
concrete strain is equal to zero, to the section since in 
which the strain remains constant (see Fig. 4). Since 
the proposed model predicts the concrete strain along 
the total length of the steel (wire or strand) during 
prestressing force release, this is used to evaluate the 
transmission length. The experimental validation of 
the transmission length evaluation is supported by 
tests carried out with strands, not with wires, given 
that there are a greater number of experimental results 
with this kind of prestressed reinforcement. The 
model is validated with the results of two experimen-
tal series of transmission length evaluation and good 
agreement was reached. These results corroborate the 
possibility of extending the analytical model of the 
previous phase from wires to strands. 
This work is not intended to be a substituting nor 
modelling of transmission length standardised testing. 
With this paper the authors seek to emphasise that with 
this analytical approach, based on simpler tests, it is 
possible to analyse the influence of the parameters 
affecting bond in the transmission length. Since the 
model is validated with prestressed wire specimens 
under careful testing, it is acknowledged that further 
work must be carried out to extend this modelling to 
majority of the prestressing concrete structural elements. 
Whereas the following section examines the theo-
retical background, Sect. 3 studies the bond stress-slip 
curves calculation. Model validation is then presented 
and discussed in Sect. 4, with the extension to 
transmission length calculation being presented in 
Wire 
Gauge
 S p e c i m e n 
o o o a o o o o o o o o o o o o o o o 
Length (m) 
Concrete 
Strain (8c) 
Fig. 4 Measurement of the bond length from concrete 
deformations [22] 
Sect. 5. Finally, the conclusions obtained from the 
model and final comments are presented in Sect. . 
2 Theoretical background 
2.1 Bond between wire and concrete during 
release of prestressing force 
As already aforementioned, the prestressing process 
of the precast prestressed concrete elements includes 
two consecutive steps: (a) steel wire prestressing, and 
(b) prestressing force transmission after an acceler-
ated curing process of concrete. Bond between wire 
and concrete during force releasing process can be 
analytically expressed as follows. 
Let be a prism of concrete with rectangular cross 
section. There is a single prestressed wire placed in 
the prism longitudinal axis (as Fig. 5 shows). Be P0 
the initial prestressing force in the wire. The 
controlled process of prestressing force release is 
made by means of the approaching of the wire 
anchorage points, in such a way that for a given 
instant, the force at the end of the wire is P0 — AP, 
where AP is the released force. During this process, 
the wire tends to pierce in the concrete prism, 
developing tangential and normal stresses at steel-
concrete interface. 
It is considered a slice of the prism, with a dx 
thickness, placed at a distance x from its end as Fig. 5c 
shows. Equilibrium of forces in the axis prism direction 
(Fig. 6) leads to the following differential equation: 
9A<r 
= _Pe_ 
dx A, (1) 
where Aax is the wire stress variation between 
sections x and x + dx (at x = 0, AGX=Q = Ado = 
^ ) , pe is the wire perimeter, As is the area of wire 
section and x is the mean tangential stress between 
wire and concrete in the slice. 
The slip between wire and concrete at any section 
may be expressed, based on the difference between 
the strains of both materials (see Fig. 6), as follows: 
ds Aax 
CLJv S Ec (2) 
where s is the slip between wire and concrete, dx is 
the slice thickness, Es and Ec are Young's modulus of 
Fig. 5 Manufacturing 
process of the prestressed 
concrete prism: a alone 
prestressed wire, b wire 
with cast concrete before 
prestressing force release, 
c prestressing force release 
(a) 
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Fig. 6 Balance of stresses in a slice of dx thickness 
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 do-Ado 
Fig. 7 Balance of forces in a part of the specimen with x 
length, measured from the end 
-(Aer0 - Affx) (3) 
All the parameters have already been previously 
defined, except Ac, that is the net area of the concrete 
section (gross area minus area of wire). 
Acrx is found by replacing Eq. 3 into Eq. 2. 
Integrating Eq. 2, along x distance, the slip s at every 
section is found, as will be shown later. 
the steel and concrete, respectively, and ac is the 
concrete normal stress at x section. 
In order to calculate the concrete stress in the 
section placed to an x distance from the prism end, 
the forces equilibrium along the prism portion 
between this section and the prism end is established 
(as Fig. 7 shows). Where <r0 is the wire initial stress, 
that is to say PQ/AS, and A<r0, is the stress released at 
the wire end (x — 0), that is AP/AS. The following 
equation is obtained: 
2.2 Concrete confinement of the wire 
To take into account the concrete confinement of the 
wire, the equilibrium of forces in the transversal 
direction needs to be established. Based on previous 
works [21] and for the sake of simplicity, the analogy 
of a thick-walled cylinder is adopted. Figure 8 shows 
the sketch of the model. Ri is the inner radius (the 
radius of the wire) and R2 is the outer radius 
(minimum distance from wire axis to the external 
face of the concrete prism in the transversal direc-
tion). So that R2 — Ri is the minimum concrete cover 
of the wire in the prism. 
Hereinafter, a linear elastic behaviour of the 
materials is adopted, with it also being assumed that 
there is no cracking of concrete. According to 
Fig. 8, Gg and Gr are, respectively, the circumferen-
tial and the radial stresses at any internal point of 
the thick-walled cylinder cross section. The circum-
ferential strain of any point may be expressed as 
follows: 
For steel: 
Cfe - Vs(<Tre + Ga) 
£fe = " 
and for concrete: 
£(fc = 
O0c - Vc(Grc +GZC) 
(4) 
(5) 
where subscript s and c mean steel and concrete, 
respectively. According to classical notation for thick-
walled cylinder Gr and G0 are the radial and hoop 
stresses, and GZ the stress in normal direction to the 
section (axis wire direction). vs and vc are Poisson's 
ratios of the steel and concrete, respectively. 
In this work the GZS stress is caused by the released 
force AP, and according to Fig. 8, the stress in the 
steel may be identified as: 
0>s = 
and 
Ore 
= — ff&; 0fe 
in concrete: 
= — ff&; 
with 
O0c 
H = 
— 
R\ 
— Gb] 
HGb; 
+ R¡ 
-R\ 
= -Ao-v 
Gyr = G
€ 
(6) 
(7) 
where Gb is the normal stress between steel and 
concrete, and it is related to tangential stress x, by 
means of the Tepfers's equation [4]: 
T = cr^cota (8) 
As mentioned above, there is no proposal of a 
values for indented wires and strands. 
Equal strain at steel-concrete interface for both 
materials is assumed. Replacing Eq. 6 into Eq. 4, 
Eq. 7 into Eq. 5, and establishing the equality between 
(4) and (5), the following is obtained: 
Gb = J AGX - M AG0 
vsEc 
J 
with < 
fcVcEs 
(l-vs)Ec + (H + vc)Es (9) 
U = 
vrE. s
 Ac 
(l-vs)Ec + (H + vc)Es 
where / and M are dimensionless, parameters that 
depend only on the geometry and mechanical prop-
erties of the materials. 
Fig. 8 Interaction between 
concrete and steel at the 
interface: a thick-walled 
cylinder approach of the 
prism cross-section, 
b stresses in concrete, 
c stresses in steel due to 
confinement 
(C) 
Concrete 
-Thick walled cylinder 
(b) 
Steel 
Based on the equation of Tepfers [4] that relates 
the tangential and normal stresses at the steel-
concrete interface, the tangential stress between steel 
and concrete at a section placed to an x distance from 
the prism end can be expressed: 
T = B1 Aax - B2 A(T0 
J 
with 
fi, 
B2 = 
tan a 
M 
tan a 
(10) 
where Bx and B2 are also dimensionless parameters 
that can be calculated. 
Replacing Eq. 10 into Eq. 1, the following differ-
ential equation is obtained: 
9A(Tr 
9x = -BAax + C 
with 
B
= > 
C = ^B2AaQ 
( i i ) 
Whose analytical solution is: 
Aax = - + ke-Bx B (12) 
where k is an integration constant to be determined 
for each particular case. 
For every concrete prism section, the tangential 
stress developed between steel and concrete grows 
during the process of prestressing force release up to 
a certain value, xmax, that cannot be exceeded. In this 
work it is assumed, for sake of simplicity, that once 
this critical value has been reached the tangential 
stress remains constant and equal to xmax. Neverthe-
less, adoption of a lower residual value for the 
residual tangential stress once the maximum tangen-
tial stress has been reached, as is proposed in the 
Model Code [23] for bond in ribbed steel, would not 
present any significant difficulty. 
3 Bond stress-slip curves calculation 
To calculate Acrx value, as a function of x, it is needed 
to know if the tangential stress has reached the 
critical value xmax at any section. In case that it 
happens, it is needed to know the value of x along 
which the x stress has exceeded the xmax. This value 
of x is noted as XLIM. According to this aspect, 
integration of the Eq. 2 distinguishes two cases: 
3.1 Tangential stress is lower than xmax at any 
value of x (XLIM — 0) 
For x — 0 Aax — A<r0, and substituting Eq. 11 into 
Eq. 12, Eq. 12 may be expressed as follows: 
[B2 Affr = Ado — + 1 - — ]e V i 
BA „-Bi 
B\ 
(13) 
Replacing Eq. 13 in Eq. 3 the normal stress in 
concrete is: 
-íHiH'-SrH)^ (14) 
Equations 13 and 14 allows to solve the differen-
tial equation (2). 
In our particular case, a prism with an L length and 
symmetrically released force from both ends, the 
integration of Eq. 2 leads to: 
B2L B2-B1l-e--\ L 1 
(15) 
For this prestressed concrete prism, the tangential 
stress between x — 0 and x — 1/2 is obtained from 
Eq. 10 and expressed as 
Obviously, fffc can be obtained from Eq. 8. 
(16) 
3.2 Tangential stress reaches xn 
distance (XLIM 7a 0) 
inside x 
Based on the analytical solution, the x value given by 
Eq. 16 may be larger than xmax, the result is clearly 
not acceptable. To integrate the differential equation 
(2), a XLIM variable is defined, as the prism length 
included between the end and the section in which the 
tangential stress reaches the maximum value is an 
unknown quantity to determine. 
According to the aforementioned hypothesis, the 
tangential stress between the steel and concrete is 
assumed to be constant and equal to xmax in the 
segment O < x < XLIM. XUM is variable since it 
depends on the released force, growing during the 
process. The integration of the Eq. 1 may be easily 
carried out with x — xmax and Acr^o — Acr0, obtain-
ing the value of Acrx in this segment (0 < x < XLIM): 
Aax = -—xmaxx + Acr0 
A, 
(17) 
In order to determine the stresses distribution 
along the prism the XLIM value should be known. The 
XLIM value is found from Eqs. 17 and 10 producing 
x — XUM. 
The first condition leads to: 
Aff
x=XLIM = --^m^XL1M + A(T0 = -A(T0 + ke BXL,M 
As D 
(18) 
the second leads to (19) by replacing Eq. 12 in Eq. 10 
and particularized for x — XLIM 
Lmax — i->l/tti 
giving eventually: 
Xr, 
Pe^vi 
1 _ ^ U ( T 0 - ^ 
BJ BI 
max JLkZ^L A c r 0 - l k = e "max 
Bi 
(19) 
(20) 
(21) 
Replacing k in Eqs. 12 and 10, Acrx and x are 
expressed for x > XUM as: 
Bi . , T i w 
ZiOY) H e 'max 
Bi Bi 
A f f r = r ± A ( T o , ^ „ ^ A , O - I - ^ 
Í I Z Í I A C T O - 1 - B X 
X = X m a Y e 'max 
(22) 
(23) 
To determine the slip steel-concrete along the 
prism, the differential equation (2) is integrated, 
distinguishing two zones 0 < x < XLIM and x > XUM 
obtaining: 
0 < x < XLIM 
x
 > xUM 
(25) 
4 Model validation 
The proposed analytical model is validated with the 
experimental results published by Galvez et al. [7]. 
This experimental work studies the influence of 
concrete cover and the indentation depth in the trans-
mission of normal and tangential stresses between steel 
and concrete during the prestressing force release. 
Figure 9 shows a sketch of the test set. 
The prestressing load was applied by a servocon-
trolled testing machine, and was measured with a 
25 kN load cell. Extensometers, of ±2.5 mm nom-
inal travel, were used to measure the shortening of the 
specimen, the longitudinal crack opening displace-
ment, and wire-concrete slip on the upper and lower 
faces of the prismatic specimen (see Fig. 10 for 
details of the placement of the extensometers). 
Three series of specimens were tested. The test 
procedure was based on releasing, under control 
displacement, the prestressing force of a single wire 
embedded in a concrete prism. The slip between steel 
and concrete at the end of the specimen was recorded 
throughout the whole test. Three concrete covers and 
three indentation depths of the wire were studied. In 
this work the experimental results corresponding to 
the larger covers were the only ones adopted, the 
reason being guarantee of an appropriate confinement 
of the wire and avoidance of radial concrete cracking. 
The slip at the prism ends can be obtained from 
Eqs. 15, 24 and 25 as a function of the geometry and 
mechanical properties of the concrete and the steel, 
the prestressed stress release at the wire anchorages, 
A<T0, the maximum tangential stress between steel 
and concrete and the a angle that relates the normal 
and tangential stresses at interface. 
((B2 - Bi)Ao0 + TBua)(pEsAs(Aa0(B2 - fli) + w ) + 2 Agpfli) (24) 
Fig. 9 Sketch of the test 
setup from Gálvez et al. [7] 
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Figure 11 shows the geometry and the dimensions 
of the specimens. Indented wires Y 1770 C with 
4 mm diameter were adopted. Mechanical properties 
of steel were: E — 226 GPa, cr0.2% — 1,755 MPa and 
au — 1,935 MPa. Table 2 shows the indentation 
depth of the wire. The estimated angle a is also 
included in Table 2. The maximum tangential stress 
at steel-concrete interface has been got experimen-
tally [13], by means of a push-in test with small 
thickness specimen, and it is shown in Table 2. 
Specimens manufactured with two types of covers, 
2.25 0 (9 mm) and 3.25 0 (13 mm), were tested. 
The mechanical properties of concrete were: E — 
29 GPa, fck = 29 MPa, fct = 2.5 MPa and GF = 
102 N/m. 
Figure 12 compares model prediction and experi-
mental results of the slip between wire and concrete at 
the end of the specimen versus prestressed force 
released, for specimens with 2.25 0 (9 mm) concrete 
cover and, with small (Fig. 12a) and medium (Fig. 12b) 
indentation depths. Figure 13 shows analogous results 
for specimens with 3.25 0 (13 mm) concrete cover. 
In the case of the specimens with smaller concrete 
cover (Fig. 12), the model prediction is a sufficiently 
accurate approximation of the experimental results, 
even though it tends to overvalue the slip. In the case 
of the specimens with larger cover (Fig. 13) the 
modelling fits better in the scatter band. 
The most accurate model prediction of Fig. 13, 
specimens with larger concrete cover, is understood 
because larger concrete cover leads to a higher 
confinement of the wire, being more consistent with 
the hypothesis of a thick-walled cylinder for the 
cross-section. 
Wire 
Cover 
Reference block for slip 
measurement 
Elevation 
©@ 
Plan 
Fig. 10 Extensometers and measure devices for: (1) longitu-
dinal shortening, (2) penetration of the wire in the upper face of 
the concrete prism, and (3) COD of the splitting cracks 
Some authors [24] suggest that concrete cover 
smaller than 2.5 0 may cause concrete splitting by a 
wedging action of the wire. This effect reduces the 
confinement of the wire. Thus, the results of Fig. 12 
should be adopted with caution. 
Figures 14 and 15 show the influence of the a 
angle and the Poisson's ratio of the steel, respec-
tively, on the tangential stress along the length of the 
400 mm 
Indented wire 
A (<|)4 mm) 
*r28mm 
Fig. 11 Geometry and dimensions of the specimens from 
Gálvez et al. [7] 
wire, measured from the end of the specimen 
(distance x in Fig. 5c). Curves of both figures have 
been performed for the specimens with 3.25 0 
(13 mm) cover and medium indentation depth (max-
imum tangential stress 2.28 MPa). The influence of 
the a angle is appreciable until x — 0.031 m. Fig-
ure 14 also shows that larger value of a angle 
corresponds with a smaller value of the tangential 
stress. Figure 15 shows the high influence of the 
Poisson's ratio on the tangential stress between wire 
and concrete. Even though the value of Poisson ratio 
is not an eligible parameter, Fig. 15 leads to the 
conclusion that the Poisson's ratio should be included 
in the bond modelling of the prestressed concrete. 
5 Transmission length calculation 
The proposed analytical model may be used to 
evaluate the transmission length when the concrete is 
not cracked and the prestressed steel (wire or strand) 
confined inside the concrete element. 
The evaluation of the transmission length is based 
on the concrete strain along the specimen (see Fig. 4) 
which can be calculated easily by dividing the Eq. 3 
by Young's Modulus of the concrete, Ec, and taking 
into account Eqs. 13, 17 and 22. Since the analytical 
model provides the strain of the concrete along the 
specimen, this model is used to evaluate the trans-
mission length. 
To validate the model for determining the trans-
mission length, the results of two different experi-
mental programs were analytically simulated. 
Table 2 Indented wires 
indentations depth, a angle 
and maximum bond stress 
at interface [7, 13] 
Denomination Indentation 
depth (mm) 
a O Maximum bond 
stress (MPa) 
Smaller 
Medium 
Larger 
0.01-0.02 
0.04-0.06 
0.1-0.11 
80 
77 
70 
2.28 
2.28 
3.16 
(a) Small indentation depth 
2.25 O concrete cover. a=80° 
?°'6r 
-Model prediction 
Experimental 
(b) 
0,8 
0,6 
o. 
55 0,4 
0,2 
Medium indentation depth 
2.25 O concrete cover. a=77° 
5 10 15 
Prestressed force relased (kN) 
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Prestressed force released (kN) 
20 
Fig. 12 Experimental results [7] and numerical prediction of the released prestressing force versus slip for specimens manufactured 
with 2.25 0 concrete cover and depth indentations: a small (a = 80°), b medium (a = 77°) 
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Fig. 13 Experimental results [7] and numerical prediction of the released prestressing force versus slip for specimens manufactured 
with 3.25 0 concrete cover and depth indentations: a small (a = 80°), b medium (a = 77°), large (a = 70°) 
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Fig. 14 Influence of the a angle on the tangential stress, T, 
between wire and concrete versus distance from the end of the 
prism, x, for specimens manufactured with 3.25 0 concrete 
cover and medium depth indentations 
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Fig. 15 Influence of Poisson's ratio of the steel on the 
tangential stress, T, between wire and concrete versus distance 
from the end of the prism, x, for specimens manufactured with 
3.25 0 concrete cover and medium depth indentations 
The first of them was carried out by Russell and 
Burns [25], who manufactured pretensioned prisms of 
102 mm x 127 mm x 3,660 mm with seven-wire 
strands. They used two different single strands: 
12.7 mm and 15.2 mm strand diameter, placed in the 
barycentre of the cross-section. The material properties 
were: E = 27 GPa, fci = 28 MPa and v = 0.2, for 
concrete: and E = 194 GPa and v = 0.3, for steel. 
- Russell and Burns test results. 
12.7 mm Strand 
- Model prediction 
0,5 1 1,5 2 
Distance from end of the prism (m) 
Fig. 16 Strain profile and transmission length. Comparison of 
model with experimental results from Russell and Burns 
(12.7 mm seven-wire strand specimens) [25] 
Young's Modulus of concrete was estimated according 
to Model Code specifications. The force released was 
that corresponding with a steel stress of 1,396 MPa. 
With regard to the interface parameters, the critical 
tangential strength was Tmax = 4.0 MPa, according to 
the Model Code, 
VpiVjrfc ctd 1.2 x 1.0 x 3.3 =4.0MPa 
(26) 
where rjpi and rjp2 are parameters fixed by Model 
Code (rjpi takes into account the type of prestressing 
tendon and rjp2 the position of the tendon) and fctd is 
the lower design tensile strength. The considered a 
angle was a = 10°, fixed for the best fit of the 
numerical prediction, as will be shown later. 
Figures 16 and 17 show the results for 12.7 and 
15.2 mm strand diameters, respectively, where Lt is 
the transmission length. The experimental results may 
be approximated by two linear branches. As figures 
show, the analytical model properly fit the experimen-
tal results. Concrete strains along the specimen and 
transmission length are accurately predicted by the 
proposed model. 
The second series of experimental results are the 
tests carried out by Oh and Kim [26] who manufac-
tured single strand pretensioned prisms of 115.2 x 
200 x 3,000 mm3, with a seven-wire strand with a 
diameter of 12.7 mm. In this series the wire was out 
of the centroid of the cross-section. Figure 18 shows 
the geometry and dimensions of the specimen. The 
only materials parameter known is the compres-
sion concrete strength at the releasing moment, fci = 
46.7 MPa. Other parameters have been esti-
mated according to this data and the Model Code 
prescriptions, and were: E = 30 GPa and v = 0.2, 
Russell and Burns test results. 
15.2 mm Strand 
• Model prediction 
0,5 1 1,5 2 
Distance from end of the prism (m) 
Fig. 17 Strain profile and transmission length. Comparison of 
model with experimental results from Russell and Burns 
(15.2 mm seven-wire strand specimens) [25] 
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Fig. 18 Cross-section of the prisms tested by Oh and Kim [26] 
for concrete; and E = 194 GPa and v = 0.3, for 
steel. The force released was that corresponding 
with a steel stress of 1,500 MPa, while the critical 
tangential stress at interface was Tmax = 6 MPa, 
according to the Model Code (see Eq. 26). The a 
angle adopted is a = 10°. 
Contemplating the eccentricity of the steel, Eq. 3 
is modified to Eq. 27 
GC = (AOQ - A(7X) 
As (A(T0 - A(7x)Ase2 
I 
(27) 
where £ is the load eccentricity and / is the cross-
section moment of inertia. 
Figure 19 compares the experimental results from 
the Oh and Kim test and the analytical prediction. As 
can be seen, the model is consistent with the transfer 
length and accurately predicts the concrete strain. 
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Fig. 19 Strain profile and transmission length. Comparison of 
model with experimental results from Oh and Kim tests 
(12.7 mm seven-wire strand specimens) [26] 
Figure 20 shows the influence of the a angle on the 
tangential stress along the length of the wire, 
measured from the end of the specimen, for the test 
performed by Russell and Burns (12.7 mm seven-
wire strand specimen) [25]. The influence of the a 
angle is appreciable until x = 0.04 m. 
Table 3 shows the influence of the maximum 
tangential stress, Tmax, on the estimated transmission 
length Lt for the tests performed by Russell and Burns 
[25]. Table 3 is performed with an a angle of 10°. 
The best fit is reached with a maximum tangential 
stress of 3.0 and 4.0 MPa for the specimens with 12.7 
and 15.2 mm seven-wire strand, respectively. These 
maximum tangential stress values properly fit the 
estimated value from Eq. 26. 
Table 4 shows the influence of the a angle on the 
estimated transmission length Lt for tests performed 
by Russell and Burns [25]. Table 4 is performed with 
a maximum tangential stress, Tmax, of 3.0 and 
4.0 MPa for the specimens with 12.7 and 15.2 mm 
seven-wire strand, respectively. The best fit is 
reached with an a angle of 10°. The influence of 
the a angle on the estimated transmission length Lt is 
lower than the influence of other parameters, like 
maximum tangential stress. 
The rotation of the strand during the sliding is not 
directly incorporated in the model, but is indirectly 
included by the fitting of the maximum tangential 
stress and a angle, affected by the strand rotation. The 
study of the influence of the rotation of the strand in 
the transmission length is beyond the scope of this 
paper. 
The value of a adopted in Sect. 4 for wires 
(70-80°) is quite different from that used for strands 
(10°). It is worth noting that the a value has not been 
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Fig. 20 Influence of the a angle on the tangential stress, T, 
between wire and concrete versus distance from the end of the 
prism, x, for specimens from Russell and Burns (12.7 mm 
seven-wire strand specimens) [25] 
Table 3 Influence of the maximum tangential stress, i „ on 
the estimated transmission length L, of the specimens from 
Russell and Burns [25] 
a 
10° 
"max 
l 
2 
3 
4 
(MPa) 12.7 mm 
Mm) 
2.312 
1.151 
0.764a 
0.571 
strand 15.2 mm strand 
Mm) 
3.438 
1.712 
1.137 
0.849a 
Best fit with experimental result [25] 
Table 4 Influence of the a angle on the estimated transmission 
length L, of the specimens from Russell and Burns [25] 
rmax a L, (m) 
3.0 MPa (12.7 mm strand) 
4.0 MPa (15.2 mm strand) 
10 
30 
50 
70 
85 
10 
30 
50 
70 
85 
0.764 
0.741 
0.706 
0.618 
0.120 
0.849 
0.817 
0.768 
0.644 
0.110 
experimentally measured; rather, it has been esti-
mated based on previous tests for the case of the 
wires, looking for the best numerical fit in the case of 
the strands (see Table 4). As stated above, the 
rotation of the strand during sliding is not directly 
incorporated in the model, but is so indirectly by 
including the fitting of the maximum tangential stress 
and a angle, affected by the strand rotation. More-
over, the influence of the a angle is lower than the 
influence of other parameters, such as the Poisson's 
ratio. As Table 4 shows, the variation of the a angle 
from 10° to 50° leads to a variation of the transmis-
sion length in the specimens from Russell and Burns 
of lower than 8 per cent. Obviously, an experimental 
measurement of the a angle for wires and strands 
would be welcomed. 
The transmission length proposed by the Model 
Code for a pretensioned tendon is: 
hpt — <X&<X9<Xlohp-7— 
Jpd 
Best fit with experimental result [25] 
with 
a.% gradual release 1.0, sudden release 1.25 
0C9 moment and shear verification 1.0, 
tensile stresses in anchorage zone 0.5 ^ ' 
ocio strand 0.5, indented wire 0.7 
lbp basic anchorage length 
api steel stress after release 
fpd design strength of tendon 
As can be checked, the experimental results and 
the model prediction of the transmission length of the 
tests performed by Russell and Burns [25] and Oh 
and Kim [26] properly fit with the value calculated 
with Eq. 28. 
Equation 28 leads to estimated values of the 
transmission length based on extensive experimental 
tests. Analogous equations are proposed by ACI 318 
and Eurocode 2. The model proposed in this paper 
does not try to substitute these useful standard 
models, especially in the engineering design field. 
In many design codes the experimental approach to 
evaluating the transmission length is allowed and 
recommended, especially with non-conventional con-
cretes and new materials, or treatments of the steel 
surface. In such cases, the experimental evaluation of 
the transmission length is expensive and requires 
several series of tests. The proposed model may help 
to evaluate the transmission length, or even the 
anchorage length, based on simpler and cheaper tests, 
reducing the number of transmission length tests. 
Moreover, the model assists in providing knowledge 
of the distribution of the tangential and normal 
stresses, between concrete and steel, in the transmis-
sion length zone. 
6 Conclusions and final comments 
An analytical model to evaluate the steel-concrete 
interaction in prestressed concrete elements during 
the prestressing force release has been proposed. The 
model evaluates the tangential and normal stresses in 
steel-concrete interface along the whole length of the 
element and is based on parameters with physical 
meaning and those that are experimentally measur-
able. The model has the advantage of including the 
Poisson ratio in the evaluation of confinement steel, 
as well as bond stress along the structural element. It 
should be noted that concrete splitting has not been 
taken into account. The model is suitable for confined 
steel in structural elements where there is no radial 
cracking of the concrete. 
The model has been contrasted with experimental 
results. The slip at the ends of the prism was 
measured during the prestressed force release, on 
specimens with different concrete covers and inden-
tation depth of the wire. In all cases, sufficiently 
accurate approximation of experimental results was 
reached. 
The proposed model has been extended to 
evaluate the transmission length of pretensioned 
seven-wire strands in prestressing concrete speci-
mens. Two series of experimental tests were used to 
validate the analytical modelling of the transmission 
length. 
Based on these results, the proposed analytical 
model may help to the experimental evaluation of the 
transmission length. The relationship between bond 
and slip, obtained from a test simpler than complete 
transmission length test, may be used to estimate the 
transmission length. Moreover, a parametric study 
may be performed, based on the results of an 
individual transmission length test, and even different 
bond steel-concrete conditions may be considered in 
this transmission length evaluation. 
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